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Abstract

In an effort to discover the causes for disagreem_nt

between previous 7-I) computations all<[ nominally

2-D experinleni for flow over the :l-element Mel)on-

nell Douglas 30P-.10N airfoil configuration at high

lift., a combined ext)eriniental/C!FD investigation is

described. The exl)erinient explores several dillOr('nt

side-wall boundary layer conlro] vent, ing pat, lerlls,

docunlents venting mass flow rates, and looks at cor-

ner surface flow pal terns. The experinlental angle

of at,tack at lnaxiniunl lift is found to be sensit, ive lo

the sicle wall veni, ing pai, i,ern: a particular pal, lern

increases the angle of attack at, iliaxinlulll lift by at,

least. 2 °. A signilicanl, alnOUllt, of spanwise l)resstlre

varialion is present al. angles of attack near niaxi-

munl lift. A (:FI) stud)' using 3-D structured-grid

conll)utations, which includes tile nlodeling of side-

wall venting, is euiployed t,o hivesi, igat,e :I-D elr+wt, s

Oil the flow. Side-wall suction strength is fOlilid l,o

alTeei, tile angle at, which liiaxililUlii lift, is predicted.

l\laxiinunl lift, in lhe ('Pl) is shown t,o be liinit,ed

t)y t,he growt, h of all o[fLbody corlier flow vorl,ex and

COliSeq/lelil increase in spanwise pressllre variai, ion

and decrease in circulation. Tile :I-D cOnllml,ations

with and wil, houi, wall vent, ing predict shnilar trends

t,o experiment, at, low angles of at, tack, bul, all, her st,all

t,oo earl)' or else overprdici lift, levels near niaxillililli

lift, t)y as inucll as _)_,. llnsl, ruclured-grid coinpllla-

i,ions denionsl, i'al,e thai, uiounling brackets lower the

lift levels llear IllaXhllUlll lift, condii, ions.
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1 Introduction

A large nulnl)er of (!FI) st,udies have been ,'Oli-

duci,ed for niulii-elenlenl, airfoil contigural, ions over

the last, decade. Some of these l)eria, ined io exper-

illlellt,s conducted in lhe NASA Langley low t,urbu-

ielice pressure t,ullnel (LTPT) for McI)Olilidl Doll-

glas Seleinenl configural, ions such as the 30P-30N'.

See. for example, refs. 1 2i. The I:I'PT tesl,s were

noniinally 2-1), obt, ained wiih l,]le use of a side-wail

I)oundary layer conirol sysieni that, al)plid sucl,ion

liear i, he modal via venliiig itirough porous t)lates/;

"I'll+" (!FD studies enlpioyed 7-1) calculations wht'n

comparing wii, h LTPI' data.

Although CFD could claim some success ill the

prediction of the experinieni.al imllti-e[emeill tlow

field, certain key predict, ions were ill error] Most

nolat)ly, (:FI) consist,entiy I)redicie(l I)ot, h the Ilia>

iliillm lift alid the angle of attack at which il, occiirs

to lie higher lhall experinlellt {e.g., at. tl = 2"1 ° as

opposed to o = 71°). All.hough l.urbulence niod-

ds were originally slisl)ect.ed as a poi.eni.ial cause br

this discrepancy, addii.ional (TI) st.udies wilh more

advanced nlodels '->'4`s indicai.e(I t.hal the differences

t)otween turl)ulence niodels tended to be rdatively

small for lliese cases.

A recent. (:l:l) control surface effectiveness sl.udy

lay ,]iang !' delnonstraled lhal, eveli nominally 2-I)

wind tunnel experinienl,s wilil sidt'-wall venling can

]lave significant 3-D eff_,ei,s thai art' too large to ig-

nore hi (IFI) niodelhig. In all efforl t,o det,erliiilie

if 3-D effecis are tile root cause of i,h_' disagi'eellielll

between (!1:1) and experimenl s for the :I0P-:/0N lloar

niaxinluni lift, all invesligal, ion using a l,v,'o-pronged

al)proach was underlaken. The fil'Sl efrorl, was an

experinienla, l investigation l, hat, focused on the ef-

fects of side-wall vent, big and venting patlerll eli re-

suits near liiaxiinuln lift, and included al, lonil)i,s 1o

deduce flow features llear the side walls ilshlg Sllr-

face oil. Also, tile experinient ineasured venting

paraniei,ers, such as mass flow ral,e, thai were ilOl

ilieaslll'ed ill earlwr expe, rililelitS eli this configlira-

lion. The second effort involved inoddhig t, li¢' :f-1)

conligural, ion with (TI), inchidhig side-wall vent hg.
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_ensilivity _o venting suction levels was investigated

and the flow field features near the side wall were

examined, Addilioually, (TD using unstructured

grids was used to explore the effects of the mounting

brackets on Ill(, 3-1) flow field. This I)aper summa-

rizes Ill(' results from this two-pronged study.

2 Description of the Experiment

The 30P-30N is a Mcl)onnefl l)ouglas Aerospace

(MDA) :{-eh'nwn! configuration (designated LB546

in MI)A's nonwnclature). The model consists of the

LSI2 slat. the V¢10BB wing box assembly (main),

and the F22 flap. The slat. is at an angle of at-

tack of -30 °, with a gap of 2.951)_ c and overhang

of-2.5(X c. The flap is at an angle of attack of 30 ° ,

with a gap of 1.27(7( c and overhang of 0.25% c. The

configuration has a stowed chord length c of 22 in.,

and the LTPT lunnel width is 36 in. For all results

to t)e shown below, the wing coordinates have been

noudimensionalized by c. lu this coordinate system,

in the deployed position the leading edges of each

elel|lelll are located in tile following positions: slat,

al x/c = -0.0854, main at, x/c = 0.0438, flap at

.r/c= 0.#71:5. The 30P-30N configuration has been

tested in the past at several different Reynolds num-

bers ranging from 5 million to 16 mill|o,,, although

the current experimenla] study only used lie = 9

million. The nominal Mat:h numl)er in the current

investigatio,_ is M = (I.2.

Ill an attempt to achieve the most 2-D flow field

possible, 1)orous plates were located al lhe side-walls

of the LTPT near the wing. l" The porous plates

were connected to a venting chaml)er that vented

out to the atmosphere through a remotely-operated

ball valve. The defat, lt exl_erimental procedure was

as follows: during any set of given runs. the ball

valve was adjusted (with the wing at an angle of at-

tack of 16 °) t.o minimize the spanwise pressure vari-

ation, as determined from several rows of spanwise

pressure taps on the model. Then, at other angles

of attack during the same series of runs, the valve

remained open the same anlouut. Ill the current ex-

periment, the effect of varying the venting mass flow

rate at each angle of attack near maximum lift was

also inw'st.igated. A no-venting configuration (all

porous plates covered with tape) as well as 4 dit L

ferent porous plate configurations were tested: these

are summarized in Table 1.

Sketches of the i)orous regions used in the experi-

ment arc depicted in Fig. 1. The porous region over

the main element was not varied. It, was approx-

imately 0.5 inch high and began about 5 in. back

frolu the elelllent "s leadiug e(tge oil its upper sur-

face and extended downstream until it COllllecled in

Table 1. SUlnmary of venting configura!ions in the

('ul'relll experiment

(k)ll(ig. Inaiu flap strip ill front

venting venting of slat

l UO lie ,,O

2 yes yes. widening no

3 yes yes, widening yes

1 yes yes, ('oustant 11(_

5 yes yes, ('OllSl, ant yes

a continuous fashion with tile i)orous region over

the flap. Two configurations over the flap were

tested. The first ("widening") had the region over

the flap widening from 0.5 inch to approximately

1.5 inch near the trailing edge. The second ("con-

stant") employed the default pattern used ill past

tests (unpublished, but docunlent.ed ill LTPT engi-

neer test notes), which kept the width over tim flap

constant at I).5 inch. When employed, the porous

region in Dent of the slat was a large semi-circular

strip of width 1 inch, whose downstream tuner radius

tout:heal tile slat leadil,g e(lge. The porous plate had

0.0625 inch diameter holes sl)ace(l 0.191 inch apart,

for a porosity level of approximately 3-4(7(.. In the

experinlent at Re = 9 million, the LTPT el)crating

total pressure was approximately 54 psi. For most

of the runs, unless otherwise noted, the A I, between

the vent chaml)er and the tunnel (freestream) was

approximately 8 psi.

3 Numerical Method

The compressible ('FI) codes used in the cur-

rent investigat, iOll were (TL3D, II a strucl, ured-grid

upwind finite-volume method, and Ft;N3I), 1"2'a

all unstructured-grid upwind finite-volume method.

The turbulence model employed by both codes was

the Spalart-Alhnaras (SA) model, version la. 14 In

(TI,3I). transition was set on each of the etenlents

at the following tixed locations for all runs: x/c =

-0.0261 and -0.0_17 on the slat lower and upt)er

surface, x/c = 0.6099 and 0.0682 on the main lower

and upper surface, and x/c= 1.1243 and 0.9214 on

tile flap lower and upper surface. These lo('ations

are representative of locations measured by Bertel-

rud, I5 but were not varied with angle of attack for

this st udy. In CFLaD, transition was a(:hieved by ze-

roing out the turbulence l)roduction term in lhe re-

gion of each grid zone where laminar flow is desired.

All FUNaD runs assumed fidly-turbulent flow.

In simulating wall venting (used for the CFLaD

runs only), a linear tbrm of the l)arcy pressure-
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velocitylawwasused:l";
G

<,: _ (> - >, ). (1)

where p_ is the vent chanlber pressure and cr is

an "effective" geometric l)orosity factor. Thus, the

wall venting suction velocity was assumed t.o I)e di-

rectly proportional t,o the difference between the

vent chanlber pressure (taken in this case to be con-

stant) and the local pressure at the wall. However,

there is still SOllle uncertainty ill the application of

this law to the current case of the wing in the LTPT.

The factor cr in Darcy's law is somewhat ad-hoc. It

is prol)ortional to the actual 1)orosity level but is

considerably larger in magnitude, 1'i aud is usually

detern]ined by comparison with nleasured wall ve-

locilies. Ill this study a range of values tbr cr from (I

().:{ ill steps of 0. I were used Io ([el ermine their effect.

Hesulting mass flow through the vent was compared

with ext)emnentally measured levels to ascertain 1.he

approxmlate correspondence t)etweell the ('FD and

the experinwnt.

In the CFD runs, the nondimensional Velll i'ham-

her pressure was assumed to be p/(/,..,(_,) = 0.62,

giving a ratio of the freestream static i)ressure to

vent chamber static pressure of 1.152. The 30P-

30N configuration and the locations on the side-wall

where tile Darcy law was applied are shown in Fig. 2.

These venting regions approxinlate the regions em-

ployed ill (:onfig. ;2 of the experiment.

For simplicity, the side wall velltillg pat,terll ill tile

(:F1) study followed grid lines, which is the reason

for the non-smooth boundary outline near the front

of the flap ill Fig. :2. Tile porous semi-circular region

ill front of the sial was not modeled ill tile (TI). A

sylmnetry (slip) wall boundary condition was em-

ployed on the side-wall at and |l])st, l'ealll of approxi-

mately 0.8c ill front of t,he wing; thus, tile side-wall

boundary layer yeas relatively "fresh" at. the start of

tile wing in the computations.

The t,op and l)ot, tonl walls of the LTPT wind tun-

nel were not lnodeled in the current study. A l)re-

vious study 17 explored the effects of including these

walls ill :2-D computations. Tile chief effe('l was t,o

raise the Ul)per surface t)ressures on the flap and

on the aft end of the mare at. high angles of attack

(yMding h)wer lift., not quantified in the reference).

There was also all efl'eet oil the computed wake post-

lions. The currelfl structured grid extended al)prox-

imately 1.5c above, below, in front of, and behind

the wing, and far field Hiemann boundary conditions

were apl)lied there. Also, synlnlelry was assumed ill

tile wind tunnel, and only half of the span was mod-

eled 1)y the grid: oil(' side modeled (he t.llllne] wall,

and tile' other side used symmetry boundary con(It-

lions to model the tunnel center plane.

qhe grid used by CFI,:ID was the same Olle enl-

ployed ill earlier 2-D ('FI) studies, 4s exeel)t thai il

was duplicated with 33 planes in the spalm'ise di-

rection, with viscous clustering near tile side-wall.

There were 4 zones (with l-to-I point matching at.

interfaces) ill the grid, with 135,4:25 nodes per plane,

oi" 4.47 million total nodes. The nmlimmn spacing

near solid walls was between 0.2 - 3.1 x 10-%. The

viscous illlstrllcttlred grids ha(l a far field exl,elll of

lilt and 846.863 nodes (no ])rackets), and 1.35 mil-

lion nodes (including brackets). The lninilnunl sl)ac-

ing near solid walls was I × 11)-%.

4 Results

4.1 Experiment

The lift curves for the five configurations in the

current tunnel lilt rv are showu ill Fig. 3. These val-

ues of lift were obtained by integrating the t)ressures

Dora the tal)s located along the center of the model.

.ks exl)ecled, (:onfig. ] (no wall w, nt.ing) yields lower

levels of lift at. all angh's of at.talk, liowever, some-

what surprisingly, the angle of attack at maxinlum

lift is the same as most of the wall-venting runs

(¢t --- :21°). It. was originally thoug]lt that corner

flow separation would cause an earlier stall in this

case. (kmfig. :2 also exhibiled unexpected results:

its nlaxhnunl lift occurs at a hiyh_v angle of attack,

_l > "23°, than all the other runs. Previously, the

angle of attack for nmximum lift. had almost always

come out t.o be o = :210 . This result, suggests that

side-wall venting t realnlent ('all influence t he t)hysi-

('al process or nlecllanisnl(s) responsible for lilniting

nlaxinmm lift. ill the wind tunnel.

Fig, ,I shows the effect, of different venting levels on

the lift curve near lnaximum lift tbr Config. 2. Two

sel)arate entries are represented on this l)lot,. The

initial entry, which used Ap = 8 psi, is the same

re,rye shown in Fig. 3. In a later entry, the ,_kp was

varied at, each angle of attack. Hesults using Ap= 8

psi are ineonsist,ent with the initial elltry, indicative

of a hysteresis effect: ill tile initial entry, tile lift

continues to increase through a = :2:{o, wlJereas ill

the oilier l,he ntaxinlunl lift occurs at a = :2:20. In

both the ,_N,p= 6 psi and ..Xp = 12 psi cases, tile lift.

eont, inues to increase through _ = :23 °.

Fronl the last two figures, it is alrea(ty clear thai

tile flow tMd near maximum lift is very sensitive, and

the angle of attack where maximum lift oeet,rs can

vary I)3' 20 or more. (lel)en(ling on the side wall treat-

ment (although the change in ('L is less than 1(7(,).

The "widening" venting pattern on l.he flap seelllS

to be necessary to achieve higher angle of attack for

3

American Institute of Aeronauti('s and Astronautics



('t.........,.. It is nol known why including the slat strip

(Config. 3) loses this advantage. One question that

can be asked is whether the variation ill maxinmnl

lift is a function of the tllree-dimensionality of the

ltow. I nfortunately, in tile experiment we only have

surfac(, l)ressures t.o address this issue. Surface oil

flow. discussed in greater detail below, showed no

evidem'e of separated wing-wall juncture flow when

wall venting was l)resent. Oil'-surface flow visualiza-

lion was nol l)Ossible in this test.

Fig. 5 shows spanwise pressures on the flap up-

per surface at an unstowed chordwise location of

.r/c = 0.925, as a function of angle of attack for

('onfigs. 2 and 4. The plot shows that as the angle

of attack increases beyond a = 16 °. the flow tield

I)ecomes less and less two-dimensional. It also ap-

pears that at the highest angles of attack, ( onfig. 4

exhibits somewhat more three-dimensionalit.y than

(:onfig. 2. In particular, the pressure variation is less

"flat'" near the t mmet center plane. This increased

!hree-dimeusionality is consistent with the fact that

(!onfig. 4 is unable t.o achieve as high a ('L,,,_- ms

( :onfig. 2.

The pressures and the mass flow rate in the vent-

ing chambers were measured in this test. Ten pres-

sures were taken at va,'ious locations behind each

wall's plate to cheek for variations with position.

Although not shown, these were found t.o vary by

less than 0.2 psi a! any given angle of attaek. Also,

tile pressure levels varied by only a small amount,

less than 0.8 psi, as the angle of attack was varied

(generally the venting pressure increased at. higher

angles of attack). The mass flow rates as a function

of angle of attack and configuration are shown ill

Fig. 6. \Vhen no leading edge slat venting is present,

the mass flow rate is roughly 0.7 Ibm/see. Including

slat venting increases tile mass flow rate to approx-

imately 1.6 Ibm/see.

When side-wall venting is employed, surface oil

flow shows no indication of 3-D corner tlow struc-

tures near maxmmm lift conditions. However, with

solid side walls (no venting), significant deviation

from 2-1) flow at the walls near the corners could be

seen at all angles of attack near maximunl lift. An

enhanced I)hotograph is shown ill Fig. 7 at o = 20 °.

There is turning of tile flow over both tile main ele-

ment and tile flap away from the side wall, and there

are several complex flow patterns indicating 3-D tlow

features on the side wall as well. At. higher angles of

attack, similar patterns exist,, except the sizes and

hwat ions of the features vary somewhat. Oil was not

applied at lower angles of attack.

4.2 Computations

4.2.1 Structured (;rid Results

A colnpilation of the computed results are shown

in Fig. 8 for (:onfig. 1 (no w'nting) and Fig. 9 for

(!onfg. 2 (venting). In each tigure, the exl)erimen-

tal results are shown as solid symbols. 2-D results

using CFLaD are shown for reference as a solid line,

and a-D results froln the current study using CFL3D

are shown as open symbols connected by lines. All

lift. levels from the 3-D computations are obtained

I)y integrating the pressures in the tunnel center

plane. When massive side-wall effects occur ill the

(:FI) (past the computed ('L ........ .), the ttow gener-

ally goes unsteady. However, because steady-state

t.ilne marching is employed, only representative lift

coefficient values are sllown to indieat,e that the an-

gle of attack for maximum lift. has been exceeded in

t he Colnput ations.

As shown in Fig. 8, when there is no venting mo(I-

eled in the CI;D, lift. levels are lower than the 2-1)

levels. Tiffs is because 3-D flow features ill the wall-

juncture region lower the wing cireulat.ion. Flesults

agree well with experiment up to roughly o = 16 ° ,

but above this the (TD predicts massive side-wall

effects a.lld t]|e lift, drops (Iramatieally. Clearly (TI)

is not showing the same character as lhe experiment

at. higher angles of attack. Surface streamlines at

a = 1.q° are shown in Fig. 10. ('ompare with Fig. 7

(at a slightly higher angle of attaek). Although re-

suits show similar character on the main elenlent,

flow over the flap and side walt is different. CFI) in-

dicates only small deviations from streamwise flow

on the flap, whereas experiment shows a large sep-

arated region. However. the smface streamlines in

this flow feld are deceptive. TILe of/-bodq stream-

lines for lifts case are shown in Figs. 1 I. There is a

significanl region of a-l) flow occurring of./' the svr-

face above and behind the flap, the general shape of

which shows a similar footprint to the photograph.

In eases such as this one, for which a large off-body

vortex is present, the current grid is probably too

coarse to adequately resolve the flow feature. Fig. 12

shows vorticity contours along with a view of the

spanwise grid in a vertical plane above the trailing

edge of the flap. Grid underresolution likely con-

tributes to over-spreading of the vortex and early

stall in the computations.

When venting is modeled in the CFD, reslllls

agree with experiment at. lower angles of attack,

but are overl)redicted compared 1o the exl)erinlent

at higher angles of attack (see Fig. 9). (%reputed

('L.,M.,. changes (let)en(ling on the magnitude of the

suet.ion. (!sing cr = 0.l, ()..,,a._ occurs at _ = l.q °,

cr = 0.2 gives ('L,,na,r = 21 °, and cr = 0.3 gives

4
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Table2. Smmnaryof (T1) venting charaeteristi('s

for Configs. 1 and 2

cr mass flow, ll),,,/see predicted ('L ........ ., dr!l

0.0 n/a ,_ 16

O. 1 0.53 19

0.2 1.03 2 I

0.3 1 .:/8 22

('L ........ . = 22 ° . The higher the suction level, tile

closer the 3-D eonlpul.ation minlies 2-D computa-

t.ional resuhs at lhe highest angles of attack. These

results are summarized in Table 2. along with the

corresl)on(ling mass flow rate coral)uteri 1.o be exit.-

his through the porous wall as a result of the l)arcy

l)ressure-velocity law I)oundary condition. ('ompar-

ing these nulnbers with the mass flow ral.o from

the experiment for (:onfig. 2 (of approximat.ely 0.7

Ibm/sect, it. appears that acr ])etweoI| 0.1 and 0.2 ill

the (!FIt would best represen( the actual test. All

eOllll)lltod results with vent, illS for the rest of the pa-

per use cr = 0.2.

Now let. us examine results for several different.

angles of attack. Fig. 13 shows spanwise pressure

coefficients on the flap alo = 40 . both without and

with skle-wall venting. Ill the ease of no venting,

CFD accurately prediels tile experimental level near

the tunnel cenl.er plane, but tile spanwise variation is

overpredicted. ( :FD results on a coarser grid are also

shown in the figure (grid using every other point in

each eoordinat.e direction); they exhibit lit.the differ-

ence from results on the tiuer grid. When Vellt, illg iS

sinnllated. (TD results again agree with the exper-

imental results near the tllllllel eelller plane; in this

case the sl)anwise variation is snlall for both CFD

and experiment.

Fig. 14 shows ehordwise pressure coet:fieient.s a(

o = 4 ° for (:onfig. 1 (no venting). CFD results art'

given a( four span local.ions, and are ('Oral>areal with

experimenlal results at the tmme[ center plane (500{

span). 2-D (-omputed results are also shown for ref

ere,we. (!FD agrees well with tile experimen( at .r)0(7(.

span. The changes v¢ith span station exemplify the

significant, effects of the 3-I) flow on t.he surface pres-

sures near the back of the main element an<] on (he

flap. Fig. 15 shows chordwise pressure coefficients

at. o = 40 for venting (!onfig. 2. AgreenlellI. at 5()(,_

span between ('FIt and experinlenl, ix again excel-

lent, and result.s ill this case also agree with :2-1)

eOmlml.ations. There is no nol.iceable spanwise vari-

at, ion ill l.he eolllputed results.

i:igs. 16, 17, and 18 show spanwise and chord-

wise pressure coettieionts at. _) = 16 °, wit.hour and

with vent, ing. In this case, CFD results are not

grid-indel)endent, between the medium and l-ine grids

(t"ig. 16). Also, the a<'tual % levels for (TD and ex-

i)oriment at .r/c = 0.925 on the tlap do not agree:

(!FI) yields somewhai lower h'vels in general. Sim-

ilar 1o resvlts a( a = 4 °, the (TIt results again

show spanwise variation over the flap and back of the

main for the no-venting ease (Fig. 17), and very lit-

l.h" sl)anwise variation for the venting ease {Fig. 18).

Other thau snlall differences in Ill(' suet.ion peaks

and over the upper surface of the flap and back of

tire lnain, agreenlent with experinlental c r levels is

fairly good overall.

I:igs. 19, 20, and 21 show sl/anwise and chordwise

pressure coefli('ients at o = 19 °. wit]lout and with

venting. Again, tile actual % levels for (TIt and

expermwnt at x/c = 0.92.5 on Ill(' flap do no( agree:

CEIl yields lower levels in gel,e)'al. In Fig. 20, (!FD

for the no-venting ease exhibits signilieanl, spanwise

variation. This case has already st alh'd, aw.l surfa('e

])ressl.ll'eS do IlOf agree at all with exl)eril/lellt, whMl

does no! reach ('l.,max until a higher angle of att.a('k.

(:l:l) resul(.s with venting in Fig. 21 show no no-

t i('('abh' spanwise variation. Agreenwn(. with experi-

ment is generally good, although ( 'FIt yields sligh(.ly

stronger suelion peaks than experinlent and nlost of

(.he flap upper surface and the ba('k of tile inahl ix at

slightly lower pressure. Results at higher angles of

at.tack, with venting, show agreement/disagreement

with experiment similarto Fig. 21. Plots of all three

element.s are not. shown, but details carl be seen in

('[ose-u l) views Ileal" the trailing edge of the main in

Figs. 22 and 23. Here, lhe underl)redietion of pres-

sure levels ill this regio|l is clearly seell.

The reason for CFD's increasing deviations from

experimental trends near maxinlunl lift is still till-

known. Even with wall venting nlo(Med, the lift

ei(.her tends to be too high (as for _) _> l.q ° using

cr = 0.2), or massive separatio|l occurs and ('., ,,,,.,.

is rea('hed too early (as occurs for lower levels of su('-

i.ion, e.g., o- = 0.1 in Fig..()). Some of the deviations

i|| Ul)t)er surface pressure on the tlap and back of the

nlain lnay be due t.o the fact thai. lilt' top and bol-

t.on, walls were not modeled, lr Nonetheless. the use

of (:FD appears (.o require a delicate balancing act

of I)aralueters (o achieve a reasonable rel)resenta(.ion

of tile l, rue :{-D plLvsi(:s.

Ill spite of these ditficull.ies and uncertainties, it

ea|l he useful to use the (_FD results (with vellt-

ins) to explore tire influence of the t.hree-dimensio|Jal

character of lhe flow field on ('i ......... ,,. hi Fig. 22 at.

('L,,,,,,a. = 21°, litlh" spanwise varialio|l is seen, ])tit.

ix| Fig. 23 at o = 22 ° (past Ill(' t)redi('ted ('L,,,,_,.),
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sl)anwisevariationis elearlvstarting to show up.

Figs. 24, 25, and 26 show offbody strean,lines for

flow fieMs computed at. three angles of attack with

wall vetoing. At the two lower angles of at.tack up lo

and ineh,dillg ('/. ..... ,,. = 21 °, there is off-body three-

dimensional corner flow. but it is relatively small

and its effect is localized. At t_ = 22 °. however.

lhe three-dinwnsionality increases. Fig. 27 shows

how significantly the character of the spanwise pres-

sure changes at ¢_ = "22°. (It also shows that the

c r values on lhe flap ['or tilt 2-l) and 3-D conlpul,a-

lions, although indistinguishable a! the scale shown

in Fig. 18. really are slightly different at and above

o, = 160 at..r/c = 0.925.)

In looking at. Fig. 27. one might be tempted t.o

declare thal the flow at _ = 220 is "2-D ellough"

on the porlion of the wing near the center plane of

lhe funnel (because lhe curve is relatively flat. at

lhal location), but this view ignores tile effect of

the corner flow on t he overall eirculatiolt of the wing

syslOlll. When a significant region of corner flow

circulation exists, there is a lower overall circulation

around tile wing, and lilt' lift level decreases, lit

other words. ('L.,,,,.,, in this case is limited by :'-D

effects, and not by the 2-D mechanism conjectured

in Ying et al)

(!olnparing Fig. 27 wilh Fig. 5 fi'om the exper-

ituenl, it i.,, seen thai tilt two are not behaving

similarly. Whereas the ('FI) spanwise variation re-

nlains relalively flat through a = 210 , the experi-

lllellt, shows more evidence of 3-D flow even a.s low as

_ = 19 °. This difference prol_al)ly explains why the

experiment giw's lower levels of lift. as it approacl,es

('i.,,,,,,,.. Ilnforlunately, we were nol successful in

simulaling the comlilions ue,'essary to achieve this

same degree of three-diniensionali D' in tile (!FD.

It. should be Iloled thai many of the a-D CFD runs

were dependen! on the initial conditions. For exaln-

pie. ifa high angle of attack run was restarted from a

sohltion for wllieh lhe |tow was massively separated,

results tended to r_ n'_¢ltt,' highly separated. On tile

other hand, if rest arted fronl a mostly-at lathed-flow

solution, a high angle of altaek run had a greater

likelihood of remaining all ached. This issue of non-

uniqueness m the CFD solution for these flows is

troubling. However. all runs for this study were

conducted in "'steady stale" mode (i.e., non-tilne-

acellrale time nmrehing was eml)loyed ). it. is possi-

ble tha! when significant regions of corner flow sep-

aration are present, then lime-accurate approaches

lllllSl be pursued in order to better represent the

physics.

•1..2..2 I Instruct ured (h'id Hesull s

The unstruetured grid methodology was prinlar-

ily employed fur the purpose of inw'stigating the ef-

fects of the mounting brackets on the solution near

('I..,,,,,.,.. 11 was easier (.o make an unstruel.ured 3-1)

grid to include brackets using VG|{II) is as opposed

lo creating a st.ructured grid. t|owever, evell l.he Ull-

strm't.ured grid general.i¢m process had lilnitations.

It proved to be too difficult to create a sufficiently-

relined viscous grid with lille normal spacing near

the wing, brackets, and ill the wake regions ix, the

tinle allotted, hi the end. the viscous grids t,sed were

sonlewlla! too coarse to adequal.ely represem the lift

levels of this eonfiguralion (lift levels were about. 8

12% lower than results on t.he fine struclured grid).

Therefore, this par! of the (!FD st.udy should t)o re-

garded qualita!ively only.

A view of the wing inehlding mounting bracke! s is

shown in Fig. 28. The unst.ructured g,'id Oll the side

wall is also shown. There were a lotal of 8 brack-

ei.s ill the tunnel, four |'or the slat and t'our for the

flap. The near-wall brackets (0.77 in. wide) were

al 10.79{ span. and lhe near-center brackets (0.09

in. wide) were at 3[j.S_/_ span. This figure shows

hall" of lhe model. Unstruettlred-grid results were

obtained using both inviscid (Euler) equation.,, (on

grids with inviscid-type spacing near t.he wing) and

viscous (Navier-Stokes)equations on tile grid shown

ill l,he figure. 'file side wall was COlnlmted using

inviscid boundary conditions ill both cases, tlesult-

ing lift. coefficients, t'rom integral.ion of the pressures

along the cenl.er plane, are given ill Fig. 29. The

effeet.s of the brackets on L}Ie inviseid solusiou art

lninimal, |)tit the bl'aeket._ lower t.he lift levels ill lhe

viscous COml)ut.ations by approxinlat.ely 2 :V7_. Most

of the efl'ect is DII, by the main elenlent. This result

is interesting ill light of the fact, that the structured

(:FI) results (no brackets) lon(l to OWWl)l'edict the

lift levels near ('/:.,,,,,. in the experinwnl. However.

firm conchtsions are not. possible without, additional

study.

(k)lnputed streamlines for t.he o = 20 ° case with

bracket.s, shown in Fig. 30, indicate some deviation

fi'om 2-1) flow even relatively far away from the

bracket span loeations. Pressure coefficients as a

function of span location are shown in Fig. 31 near

the back of the main element. A noticeable span-

wise variation is SPell on tile Ul)l)er surface of the

main and flap. Although not shown, whou no I>rack-

ets art' present, there is very lit.tie variation.

5 Smnmary and Conclusions

Ill all effort to determine if" 3-D effects wore the

root cause of previous disagreenlelJl, between (TI)
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andexperimentsfor the 30P-30N near maximum

lift,, a (:ombination experimental/(TD investigation

was undertaken. Unfortunately, even the 3-D (TI)

showed discrepancies from the experiment, espe-

cially al high angles of attack. In parlicular. (!FD

tended to either predict lift levels too high, or else

stalled too early. This discrepancy may have been

due t.o inadequate grid resolution (e.g., no altelllpl.

was made Io grid-resolve the offl)ody corner-ttow

vortex), part to inadequale physical representation

(e.g., not modeling the lop and I)ottom walls, m)t

representing tile side-wall boundary layer inflow cor-

rectly, not including mounting brackels, Ilt)t rel)re-

senting tunnel disturbances and asymmetries), and

part to inadequacies in modeling (e.g., turbulence

modeling, Darcy's pressure-velocity taw boundary

condition).

[loweww, details aside, this study answered (or be-

gan to answer) some questions. The angle of attack

of maximum lift in the experiment was clearly sen-

sitive to side-wall venting shape. This fact _l.rongly

suggests that sonte flow feature near the side walls

may I)e responsil)le for limiting (<L.,+a_, rather than

a purely 2-D mechanisnl. The 3-D (TI) resu]is in-

dicated lhal this feature was probably all olT-body

corner-ltow vortex that was present at high angles

of at.tack even when side-wall venting was applied.

It. is cot_sistent, that the "widet_i,lg'" venting pat t.orn

in the experiment achieved the highest (:L.,,,_.,., be-

cause the larger venting area over the flap would

have had more of an influence on an off-body vor-

tex.

A summary of major points from the experimental

study were:

• A new venting pattern with a "'widening" region

of suction over the flap increased the angle of

attack at. maximum lilt. from o = 21 ° to at. leasl

230 .

• The application of different levels of suction

(between (i anti 12 psi difference from the

freestream tulmel total pressure) had relatively

small effects (less than lt_.) on lift levels near

maxinmm lift.

• Above n = 16 °, theft was a significanl amount

of spanwise pressure variation on the flap, even

with side-wall venting present.

• When no side-wall venting was enq)loyed, lift

coefficient hwels dropped nearly uniformly I)y

0.1 ().2, bul the angle of attack al maximum

lift remained al _ = 210

• The mass flow rates lhrough lhe side wall velll-

ing were, quantified for the purposes of this and

future 3-D (TD efforts.

A smmnary of major poims from tile ('FD stmly

were:

The line grid was probably sufficiently line for

use al lhe lower angles of allack, but its ade-

quacy al higher angles of attack was dubious,

particularly because of un(h'rresolulion of the

wall vortex.

(!FD with no side-wall vetoing could predict

tile character of the exl)erimont at lower angles

of attack. However, above _, = 16 °, the ('FD

l)redicted massive 3-I) corner flow features and

consequently a loss of lift not seen in tile ex-

perimet_l. The 3-I) flow f'eat, ures were mostly

off-body; .su/fac_ streamlines over the flap were

differenl in character fi'onl oil flow in the expor-

imenl..

('.FI) with side-wall venting could I)rediel the

character of lho experimenl al lower angles of

attack up t.hro,@l ,_ = 16 °, but (TD (using

enough suc! ion to avoid early stall) tended lo re-

lain more spanwise two-dimensionalily 1,]lall ex-

periment at higher angles of attack. Tmme] cell-

ler plane pressures still agreed fairly well with

experiment, but integrated lift near ('i. ..... ,a, was

generally overl)redi('le(l by as mu('h as 5(7(.

(!FD yielded different angles of attack tbr

('L ........ . depending on the si(le-wall sm'l ion level

applied. The higher the suction, tile closer Ill('

results of the 3-D simulation minuckett 2-D lifl

levels.

The maximum lift achievable by ('FI) appeared

to be directly related l.o the degree of three-

dimensionality in the flow field. At. and be-

low CL,,,a.,., the off-body corner flow features

were relatively small and there was very lit-

tle spanwise variation of sin-face i)ressures. Be-

yond ('k.ma:r, the off-body corner flow features

were larger and sl)anwise variation of surface

pressures increased. This behavior was difl'er-

e_l! il_ ('bararler from experiJ_el_l, which t'xhib-

tied large spanwise variation of surface pres-

sures prior to ('L.,,,a.,. as well as after.

Darcy's law I)omldary condition required a cr

parameter between 0.1 and 0.2 to achieve a sim-

ilar mass flow rale as in the experilnenl.
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* An investigation using unstructured grids in-

di('aled that the lift was reduced by approxi-

mately 2 31_, near ('L,,,,.,- when brackets were

included ill viscous cOlnl)utations.

Aside from the points listed above, some gen-

eral cotwlusions from this work were: (a) 2-1) CFD

shouM not 10e expected to agree with the nominally

2-I) wind tmmel exl)eriment at high lilt conditiotls

because the experiment lost its 2-1) character at high

angles of attack; and (b) 3-D (TD using the cur-

rent grids and methodology compared well with ex-

perimenl at low angles of attack, but did not ade-

quately model the character of the wind tunnel flow

field near maximunl lift. To improw, this deficiency,

based on our experience we recommend that future

3-D ('Fl) etforts for this coufiguration include {in

order of importance):

• finer grid resolution in the region of the wall

vortex, and overall finer resolution for unstruc-

t ilred grids

• tel) and bottom walls and n|ount, ing brackets

• better characterization of the incoming side-

wall houndary layer
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1.O
C0NFIG. Z STRIP ABOVE MAIN ELEMENT

AND FLAP

CONFIG. 3 SAME AS CONRG. 2 WITH
ADDITIONAL STRIP IN FRONT

OF SLAT Figure 2. I,ocation of side-wall venting in the con>

putat ions (( !onfig. '2)

gap

CONFIG. 4

CONFI6. 5

STRIP ABOVE MAIN ELEMENT AND FLAP

SAME AS CONR6.4 WITH

ADDITIONAL STRIP iN FRONT OF SLAT

Figure 1. Location of side-wall venting in the exper-

iment (dimensions in inches).
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Figure 3. Lift curves in the exl)erimold as a function

of configurat, ioll.
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Iqgure .1. Effeci of different venting levels near max-

immn lift. ( :onfig. 2.
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Figure 6. Measured niass flow rates through each
side wall.
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Figure 5. Spanwise surface pressure coelfi('ient,s Oli

the flap Ill)per Sill'face, .l'/C = 0.975.
Figure 7. Photograph with superimposed sketch of
oil flow pat, lern on wall, flap, and aft end of main for

Config. 1, ¢t = 200 .
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Figure 8. Lift coefficients for (:onfig. 1.

Figure 10. Comlmted .sttrJ?tr'¢ streamli]m's looking

upslream, (?onfig. 1 (no venting), o= 19 ° .
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Figure .9. Lift ('oetficients for (?()]]fig. 2.

Figure 11. (:omputed offbodtl streamlines looking

Ul)streanl, (1onfig. I (no retiring), o = 19 0 .
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Figure 12. Vorticit.y contours and grid near side wall

in vertical plane above trailing edge of flap, Config. 1

(,m venting), n = 19 ° .

Figure 14. (:hordwise surface l)ressure coefficients

for (!onfig. 1 {no venting), a = 4 o .
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Figure 13. Spanwise surface pressure coefficients on

ihe [tap upper surface at a'/c = 0.925, a = 40 .
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0[
-0 5 Config. I, CFD

_  _0.2 j
_\ ] A Config. 2, exp / [:2

/
7[

o _.5_A \A / A A

-3 0 25 50 75 1 O0

percent span

Figure 19. Spanwise sttrface pressure coefficients on

the tlap ul)per stlr['ace at x/c = 0.925, n = 19 °.

13

American lnstitule of Aerol_auties and Astronauti<'s



-18 -

-16

-14 '

-12 -

-10 -

0__8 .

-6 -

-4 -

-2 -

0 -

I

I
50% _n I

.... 37.5% span

.... 25% span

12.5% span i
2-D

exp, 50% _n

2o'7 o o12 o'; A A ,
x/¢

I 3 m 5 r
| 50% span

r.. .... 37.5% span

-3 I- - - 25%span

| ..... 12.5% span J \

-25_- _ exp,50%span I_ _

-15

-1

-05 ]

O= .... I .... I .... I .... |
"0. 6 07 0.8 0.9 1

x/c

Figure 20. Chordv,'ise surface pressure coefficients

for (:onfig. l (no venting), _, = I.G°.

Figure 22. (%se-up of &ordwise surface pressure

coefficients near trailing edge' of main for (lonfig. 2.
cr=0.2, o = 210 .

-18

-16]

-14

-12

-10

-6

-4

-2

"02

50% span

.... 37.5% span

...... 25% span

12.5% span

2-D

exp, 50% span

t

t

1

LL,_I .... I'_LII,L,IL,LI,=L_IL,<LI

0 0.2 04 06 08 1 12

-35

-3

-25

-2

-1.5

-1

-0.5

L . i , I , b J ! ,°oi_ o._ o.8
_¢

-- 50% span

- 37.5% span

- - - 25% span

..... 12.5% span

= exp, 50% span

" 2)

' ' I J _ i , !
0.9 1

Figure 71. (_hordwise surface pressure _oellicienis

for Config. :,.),rr = 0.2, a = 190.

Figure 2:L (!los_'-up of chordwise surface pressure

coefficients near If'ailing edge of main for (:onfig. 2,
cr=0,2, a =22 °.
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Figure 24. (:onlput,ed off-body streamlines looking

downslreanl, Config. 2. cr = ()._2, _ = l.q °.

Figure 26. (:onq)ut, ed off-body streamlines looking

dowlisl, r_alil, (:ol|fig. 2, tr = 0._, ¢t = 2_ °.
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wall

I I I I
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Figure 25. (_omputed off-body streamlines looking

downstr_,am, ('onfig. ;L cr = 0.2. :l = 21 °.
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Figure 27. ('Olnl)uled sl)anwise Sllrfac(' pressure co-

_[[:iciPnts oil the flap upper sllrfacl, at a'/c = 0.92,5,

(!onfig. 2, er= 0.2.
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Figure28.Viewoftilewingsurfaceincluding brack-

els in the unstruct, ured grid.

r

Figure 30. ('Olnlmt,ed off-body streamlines using un-

structured nlethod with brackets, looking upstream,

_ = 20 °.
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Figure 29. (!olnpuled lift coefficients using mist, rue-

lured lllet hod.
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Figure 31. Close-up of ('hordwise surfa('e pressure

coefficients near trailing edge of main using unstruc-

tured method with brackets, ,_ = 20 ° .
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